The AGC kinase OsOxi1, which has been isolated as an interactor with OsPti1a, positively regulates basal disease resistance in rice. In eukaryotes, AGC kinase family proteins are regulated by 3-phosphoinositide-dependent protein kinase 1 (Pdk1). In Arabidopsis, AtPdk1 directly interacts with phosphatidic acid, which functions as a second messenger in both biotic and abiotic stress responses. However, the functions of Pdk1 are poorly understood in plants. We show here that OsPdk1 acts upstream of the OsOxi1-OsPti1a signal cascade in disease resistance in rice. OsPdk1 interacts with OsOxi1 and phosphorylates the Ser283 residue of OsOxi1 in vitro. To investigate whether OsPdk1 is involved in immunity that is triggered by microbial-associated molecular patterns, we analyzed the phosphorylation status of OsPdk1 in response to chitin elicitor. Like OsOxi1, OsPdk1 is rapidly phosphorylated in response to chitin elicitor, suggesting that OsPdk1 participates in signal transduction through pathogen recognition. The overexpression of OsPdk1 enhanced basal resistance against a blast fungus, Magnaporthe oryzae , and a bacterial pathogen, Xanthomonas oryzae pv. oryzae ( Xoo ). Taken together, these results suggest that OsPdk1 positively regulates basal disease resistance through the OsOxi1-OsPti1a phosphorylation cascade in rice.
Introduction
Plant defense responses against pathogens occur after the recognition of pathogen components. Two types of immunity, microbe-associated molecular patterns (MAMPs)-triggered immunity (MTI) [also called pathogen-associated molecular patterns (PAMPs)-triggered immunity] and effector-triggered immunity (ETI), are the mechanisms that activate defense responses ( Jones and Dangl 2006 ) . MAMPs, which are originally termed elicitors or 'general elicitors', consist mainly of structural components of pathogens and include fl g22, bacterial elongation factor-Tu, xylanase and chitin oligosaccharides ( Gomez-Gomez et al. 2001 , Ron and Avni 2004 , Kaku et al. 2006 . They are recognized by pattern recognition receptors in plants, and such recognition leads to the activation of a series of defense responses. Likewise, the hypersensitive response (HR), which is mediated by ETI, occurs when a specifi c pathogen effector protein is detected directly or indirectly by a resistance (R) protein ( Jones and Dangl 2006 ) . In this case, local cell death occurs and this restricts pathogen invasion. Defense signals in both MTI and ETI converge on similar responses, particularly at the level of host transcriptional reprogramming ( Tao et al. 2003 , Eulgem et al. 2004 , Navarro et al. 2004 ). These fi ndings suggest the existence of common signaling components that are shared by MTI and ETI; however, these components have not been clearly identifi ed.
Chitin oligosaccharides, which are major components of fungal cell walls and serve as MAMPs, induce defense responses after recognition by chitin elicitor-binding protein (CEBiP) in rice ( Kaku et al. 2006 ) . Likewise, chitin elicitor receptor kinase 1 (CERK1) is critically important for chitin-mediated defense responses in Arabidopsis ( Miya et al. 2007 ). In cultured rice cells, the recognition of chitin elicitor induces a series of defense responses including the activation of mitogen-activated protein kinases (MAPKs) , reactive oxygen species (ROS) production, defense gene expression, phytoalexin production and the accumulation of phosphatidic acid (PA) ( Yamaguchi et al. 2004 , Yamaguchi et al. 2005 , Kaku et al. 2006 . PA is associated with phytoalexin accumulation, and the accumulation of PA is rapidly induced by chitin elicitor treatment in cultured rice cells ( Yamaguchi et al. 2005 ) . PA functions as a signal molecule in responses to both biotic and abiotic stresses including salt, drought, cold and pathogen attack ( Munnik 2001 , Testerink and Munnik 2005 ) . For instance, the Avr4 ( avirulence 4) gene encodes an effector protein and confers resistance to the fungus Cladosprium fulvum in tomato plants carrying the Cf-4 resistance gene ( Joosten et al. 1994 , Thomas et al. 1997 . In response to infection, PA is produced within a few minutes after Avr4 interacts with Cf-4, indicating that PA accumulation is an early response in the Cf-4-Avr4 interaction ( de Jong et al. 2004 ) . Taken together, these results suggest that PA is involved in the activation of both MTI and ETI in plants.
Phospholipid signaling directly regulates 3-phosphoinositidedependent protein kinase 1 (Pdk1) in plants ( Deak et al. 1999 ). Pdk1 regulates AGC kinase via phosphorylation in animals, yeasts and plants ( Sobko 2006 , Zegzouti et al. 2006 . The AGC kinase family proteins are serine/threonine kinases collectively named to include c A MP-dependent protein kinases, c G MPdependent protein kinases, protein kinase C , protein kinase B, the ribosomal protein S6 kinases and Pdk1 ( Bogre et al. 2003 , Sobko 2006 , Zhang and McCormick 2009 . In tomato, the SlPdk1-and AvrPto-dependent Pto-interacting protein 3 (Adi3), which is a member of the AGC kinase family, is involved in cell death associated with pathogen attack ( Devarenne et al. 2006 ) . In Arabidopsis, AtPdk1-mediated signaling probably contributes to the activation of defense responses via AtOxi1-AtPti1-2 phosphorylation ( Anthony et al. 2006 ) . These results suggest that Pdk1-mediated signaling is important for innate immunity in plants.
Previously we reported that OsPti1a, which is a functional ortholog of SlPti1, negatively regulates both MTI and ETI in rice ( Takahashi et al. 2007 ). Pti1 proteins are serine/threonine protein kinases, and the tomato member of the family, SlPti1, was originally isolated as a Pto-interacting kinase in tomato ( Zhou et al. 1995 ) . OsPti1a interacts with the AGC kinase OsOxi1 and is phosphorylated by OsOxi1 in vitro ( Matsui et al. 2010 ) . OsOxi1 is a downstream component of ROS signaling and is tightly regulated by ROS at both the transcriptional and post-translational level. The overexpression of OsOxi1 resulted in enhanced resistance against compatible pathogens, suggesting that OsOxi1 might regulate downstream components of defense responses, possibly via the phosphorylation of OsPti1a in response to ROS signaling ( Matsui et al. 2010 ). OsOxi1 has a conserved sequence called the Pdk1-interacting fragment (PIF; Matsui et al. 2010 ) . This raises the possibility that OsOxi1-OsPti1a signaling is regulated by OsPdk1 via its phosphorylation in rice. In the present study, we show that OsPdk1 is an upstream component of OsOxi1-OsPti1a signaling and is involved in defense responses.
Results

OsPdk1 interacts with OsOxi1
The AGC kinase OsOxi1 was isolated by yeast two-hybrid screening as an interactor of OsPti1a ( Matsui et al. 2010 ) . The deduced amino acid sequence of OsOxi1 shows the presence of an AGC kinase C-terminal motif and a PIF in the C-terminal region. This fragment is known to be involved in docking to Pdk1 in eukaryotes ( Bogre et al. 2003 ) . Therefore, we hypothesized that OsOxi1 is regulated by OsPdk1 via its phosphorylation in rice. To test this hypothesis, we cloned a full-length cDNA of OsPdk1 . A search of the rice genome sequence indicated that rice contains only one Pdk1 gene, whereas Arabidopsis carries two closely related Pdk1 genes, AtPdk1-1 and AtPdk1-2 , with 93 % amino acid identity ( Anthony et al. 2004 ). The OsPdk1 protein consists of 498 amino acid residues with a deduced M r of 55 kDa. Pdk1 proteins are highly conserved and include a p leckstrin h omology domain (PH), which is important for binding phospholipids ( Deak et al. 1999 ) , in the C-terminal region ( Supplementary Fig. S1A ). A phylogenetic analysis indicated that OsPdk1 is most similar to maize Pdk1 (88.7 % similarity at the amino acid level) ( Supplementary Fig. S1B ).
We fi rst confi rmed whether OsPdk1 could also interact with OsOxi1 in a yeast two-hybrid assay. As expected, OsPdk1 interacts with OsOxi1 ( Fig. 1A ) . We confi rmed this interaction in reciprocal experiments. Furthermore, an in vitro binding assay revealed that OsPdk1 interacts directly with OsOxi1 ( Fig. 1B ) . We used an Agrobacterium -mediated transient expression assay (agroinfi ltration) to test the interaction between OsOxi1 and OsPti1a in Nicotiana benthamiana . Hemagglutinin (HA) epitope-tagged OsPdk1 co-immunoprecipitated the FLAGOsOxi1 protein ( Fig. 1C ), indicating that OsPdk1 and OsOxi1 interact in planta. OsPdk1 is one of the upstream components of OsOxi1 signaling in rice.
OsPdk1 mainly phosphorylates Ser283 of OsOxi1
To determine whether OsPdk1 is a functional protein kinase, we used an in vitro autophosphorylation assay to demonstrate that OsPdk1 has autophosphorylation activity ( Fig. 2A ) . A Lys80 to glutamine mutation in OsPdk1 (K80Q), located in the putative ATP-binding site, abolished this autophosphorylation activity. We next investigated whether OsPdk1 can phosphorylate OsOxi1 by conducting an in vitro cross-phosphorylation assay. A point mutation of Lys56 to asparagine in OsOxi1 (K56N) is a kinase-inactive mutation ( Matsui et al. 2010 ) . When OsPdk1 was incubated with the OsOxi1 K56N protein, phosphorylation of OsOxi1 K56N was observed ( Fig. 2B ). On the other hand, the wild-type (WT) OsOxi1 did not phosphorylate OsPdk1 K80Q , indicating that OsPdk1 probably functions upstream of OsOxi by phosphorylating this protein.
Based on previous studies in Arabidopsis and tomato ( Bogre et al. 2003 , Devarenne et al. 2006 , the Ser283 residue of OsOxi1 (S283) is a predicted Ser/Thr phosphate acceptor site of Pdk1. We have reported that the K56 in OsOxi1 is required for its autophosphorylation activity and that S283 participates in its phosphorylation ( Matsui et al. 2010 ). We performed a transphosphorylation assay to investigate whether the S283 residue in OsOxi1 is required for its OsPdk1-mediated phosphorylation ( Fig. 2C ). The phosphorylation of OsOxi1 K56N by OsPdk1 was decreased to about 80 % of the level found with WT OsOxi1 protein.
On the other hand, the phosphorylation of OsOxi1 S283A by OsPdk1 was markedly decreased to about 30 % of the level found with WT protein. These results suggest that 20 % of the phosphorylation of OsOxi1 in the presence of OsPdk1 is due to autophosphorylation activity and that S283 in OsOxi1 is the main site for phosphorylation by OsPdk1. However, 30 % of the OsOxi1 phosphorylation by OsPdk1 must be due to phosphorylation by OsPdk1 at other sites.
OsPdk1 is phosphorylated in response to chitin elicitor but not H 2 O 2
In cultured rice cells, chitin elicitor treatment induces the expression of defense genes, the production of ROS, and PA accumulation ( Yamaguchi et al. 2005 ) . To investigate whether OsPdk1 is phosphorylated in response to chitin elicitor treatment, we produced transgenic rice lines expressing a HA-strepIItagged full-length cDNA of OsPdk1 under the control of the OsPdk1 native promoter ( pPdk1:HA-strepII-OsPdk1 ). Cultured cells were generated from T 1 generation transgenic lines and then treated with chitin or H 2 O 2 , or mock treated. The HAstrepII-tagged OsPdk1 protein was immunoprecipitated from the treated cells. To evaluate the phosphorylation status of the precipitated OsPdk1 protein, we employed a new technique for separating phosphorylated isoforms referred to as Phos-tag gels ( Kinoshita et al. 2006 , Matsui et al. 2010 . When the proteins were examined using the Phos-tag gels, multiple OsPdk1 bands were observed even in the mock-treated cells and these bands disappeared after phosphatase treatment ( Fig. 3A ), indicating that OsPdk1 is constitutively phosphorylated. More slowly migrating OsPdk1 bands were observed 5 min after chitin elicitor treatment, and were maintained for at least 5 min ( Fig. 3A ). These bands were eliminated by phosphatase treatment, indicating that OsPdk1 was phosphorylated in response to chitin elicitor treatment. On the other hand, OsPdk1 was not newly phosphorylated by H 2 O 2 treatment. These results raised the possibility that the phosphorylation of OsPdk1 was regulated by PA induced by chitin elicitor treatment. Therefore, we attempted to detect OsPdk1 phosphorylation in response to PA treatment in vivo. However, phosphorylation of OsPdk1 was not detected after PA treatment ( Fig. 3B ). Furthermore, the addition of n -butanol (0.4 % ), which is an antagonist of phospholipase D and inhibits the formation of PA by this enzyme (Munnik et al. 1995) , did not suppress the OsPdk1 phosphorylation in response to chitin elicitor treatment ( Fig. 3B ). Therefore, OsPdk1 is involved in chitin elicitor signaling.
The ospdk1 mutant shows a moderate dwarf phenotype
To investigate whether OsPdk1 is involved in disease resistance in rice, we screened for ospdk1 mutants among the Tos17 insertion mutant population ( Kumar and Hirochika 2001 , Miyao et al. 2003 ) . We obtained one mutant line (NE5178), and sequence analysis revealed that Tos17 was inserted at the 5 ′ end of the ninth intron in the OsPdk1 gene ( Fig. 4A, C ) . RNA gel blots showed two OsPdk1 transcripts in the ospdk1 homozygous mutant. One band was of normal size and was possibly produced by the splicing out of the Tos17 sequence. The intensity of this band was slightly lower than that found in WT plants. Another more slowly migrating band carried the Tos17 sequence in the OsPdk1 mRNA ( Fig. 4B ). The ospdk1 homozygous mutant showed a moderate dwarf phenotype when compared with WT plants ( Fig. 4A ). On the other hand, a loss-of-function analysis of Pdk1 using virus-induced gene silencing in whole tomato plants showed that it resulted in plant death ( Devarenne et al. 2006 ) . The mild phenotype observed in the rice mutant is probably due to the presence of a signifi cant amount of WT OsPdk1 RNA. To confi rm that the knockdown mutation of OsPdk1 caused the moderate dwarf phenotype, we transformed the ospdk1 homozygous mutant with the HA-strepII-tagged fulllength cDNA of OsPdk1 under the control of either the maize ubiquitin promoter ( pUbi:HA-strepII-OsPdk1 ) or the OsPdk1 promoter ( pPdk1:HA-strepII-OsPdk1 ). We obtained at least three independent transgenic lines with each construct and used the T 1 and T 2 generations for the following analyses. Transgenic plants expressing pPdk1:HA-strepII-OsPdk1 were as healthy as the WT plants ( Fig. 5A ). On the other hand, transgenic plants expressing pUbi:HA-strepII-OsPdk1 showed a severe dwarf phenotype when compared with ospdk1 mutant plants transformed with the vector control ( Fig. 5A ). In these transgenic plants, the accumulation of OsPdk1 protein was confi rmed by protein blot analysis using an anti-HA antibody ( Fig. 5B ) . The results indicated that the moderate dwarf phenotype of the ospdk1 mutant was caused by the Tos17 insertion in OsPdk1 . On the other hand, overexpression lines of OsPdk1 in the ospdk1 mutant background showed a more severe dwarf phenotype than the ospdk1 mutant ( Fig. 5A ) . These results might indicate that the correct regulation of OsPdk1 expression is vital for the normal regulation of plant growth.
OsPdk1 positively regulates basal resistance against a blast fungus and a bacterial pathogen
The phosphorylation status of OsPdk1 is rapidly changed by chitin elicitor treatment in cultured rice cells ( Fig. 3 ) , suggesting that OsPdk1-mediated signaling plays a role in disease resistance. To test this possibility, we investigated whether the ospdk1 mutant showed enhanced susceptibility to the blast fungus Magnaporthe oryzae . The ospdk1 mutant did not show any enhanced susceptibility to a compatible race of the blast fungus (data not shown), possibly due to the fact that the mutation caused only a partial loss of function. Therefore, we produced transgenic plants expressing a pUbi:OsPdk1 cDNA construct in the WT background. These OsPdk1-OE transgenic plants showed the severe dwarf phenotype, similar to that of the plants expressing pUbi:HAstrepII-OsPdk1 in the ospdk1 background ( Supplementary Fig. S2 ). We inoculated T 1 and T 2 generation OsPdk1-OE transgenic lines with a compatible race of the blast fungus. The plants showed a decreased number of susceptible-type lesions when compared with WT and vector control plants at 7 d post-inoculation ( Fig. 6A ) . Expression of the OsPdk1-OE transgene was confi rmed using reverse transcription-PCR (RT-PCR) ( Fig. 6B ). To evaluate the severity of disease in these transgenic plants, we measured the total lesion area per leaf ( Fig. 6C ). The lesion area in the OsPdk1-OE plants was signifi cantly lower than those of the WT and vector control plants. These results indicated that OsPdk1 positively regulates basal resistance against the compatible rice blast fungus. To investigate whether OsPdk1-OE plants show enhanced disease resistance against other compatible pathogens, we inoculated the plants with the bacterial blight Xanthomonas oryzae pv. oryzae ( Xoo ) ( Fig. 6D ). Transgene expression in the plants used for these inoculations was confi rmed using RT-PCR ( Fig. 6E ). The lesion length caused by Xoo in the OsPdk1-OE plants was signifi cantly reduced compared with those of WT and vector control plants ( Fig. 6F ). Collectively, these data support the notion that OsPdk1 is involved in the regulation of basal resistance in rice.
Discussion
The OsPdk1 kinase functions upstream of the OsOxi1-OsPti1a phosphorylation cascade
We have identifi ed and characterized an OsOxi1-OsPti1a signal cascade that regulates basal resistance in rice ( Takahashi et al. 2007 , Matsui et al. 2010 . OsOxi1 belongs to the AGC kinase family of proteins, whose members are regulated by Pdk1 via their phosphorylation in eukaryotes ( Borge et al. 2003 ) . Here, we investigated whether OsPdk1 plays a role in disease resistance via OsOxi1-OsPti1a signaling in rice. We isolated the OsPdk1 full-length cDNA and showed that OsOxi1 interacts with OsPdk1 in vitro and in planta ( Fig. 1 ). OsPdk1 phosphorylates OsOxi1, and the main phosphorylation site is the S283 residue ( Fig. 2 ) . The phosphorylation of S283 is apparently important for full OsOxi1 activation, because the S283 to aspartate (S283D) mutation, which mimics the constitutively phosphorylated condition, greatly increased the autophosphorylation activity of OsOxi1 ( Matsui et al. 2010 ). These results suggest that an OsPdk1-OsOxi1 phosphorylation cascade is involved in the regulation of OsPti1a-mediated resistance in rice. In agreement with our results in rice, AtOxi1 interacts with AtPdk1 and AtPti1-2 ( Anthony et al. 2006 ). The results show that a Pdk1-Oxi1-Pti1 signaling cascade is conserved in Arabidopsis and rice. However, details of the mechanisms regulating these signaling pathways seem to have diverged, because AtPti1-2 is a positive regulator of disease resistance, while OsPti1a functions as a negative regulator ( Anthony et al. 2006 , Takahashi et al. 2007 , Matsui et al. 2010 . Therefore, a comparative study of the regulatory mechanisms controlling Pdk1-Oxi1-Pti1 signaling in Arabidopsis and rice should lead to better understanding of the mechanisms and the evolution of plant innate immunity.
Phosphorylation and regulation of OsPdk1 in response to chitin elicitor treatment
The phosphorylation status of OsPdk1 is rapidly changed by chitin elicitor treatment ( Fig. 3 ) . In cultured rice cells, PA rapidly accumulates in response to chitin elicitor treatment ( Yamaguchi et al. 2004 ). These observations raised the possibility that the phosphorylation of OsPdk1 in response to chitin elicitor is mediated by PA. However, PA treatment did not induce the phosphorylation of OsPdk1 ( Fig. 3 ) . Because Pdk1 contains a PH domain that binds lipid signals, its function and regulation have been studied in relation to lipid signaling. However, it is not clear even in animals whether the lipid signals directly regulate Pdk1 activity or whether the regulation is achieved indirectly through localization, stability, or a combination of these ( Borge et al. 2003 ). AtPdk1 kinase activity was shown to be stimulated by PA treatment ( Anthony et al. 2004 , Anthony et al. 2006 , but the molecular mechnism of its activation remains unclear. Deak et al. (1999) have reported that AtPdk1 directly interacts with PA and phospholipids in vitro. Therefore, we attempted to examine whether PA is involved in the phosphorylation of OsPdk1 in vivo. However, we could not detect the newly phosphorylated OsPdk1 in response to PA treatment in cultured cells ( Fig. 3B ) Given that OsPdk1 plays a role in basal resistance against bacterial as well as fungal pathogens ( Fig. 6 ), a common signaling component that functions downstream of CEBiP-CERK1 is a likely candidate. PA functions as a signaling molecule in responses to various biotic and abiotic stresses ( Munnik 2001 , Testerink and Munnik 2005 ) . The AtPdk1 gene is constitutively and uniformly expressed throughout the plant body ( Anthony et al. 2004 ) , and an in vitro pull-down assay showed that all 15 Arabidopsis AGCVIII kinases interacted with AtPdk1 ( Zegzouti et al. 2006 ) . These results raise the important question of how Pdk1 regulates downstream AGC kinases with functional specifi city. One important mechanism is the specifi c spatiotemporal expression of each AGC kinase gene. For example, AtOxi1 and OsOxi1 are induced locally at the sites of infection by pathogens ( Petersen et al. 2009 , Matsui et al. 2010 . Another mechanism is the subcellular localization of Pdk1. Pdk1 can be targeted to particular membrane compartments through binding to lipid signals that have specifi c membrane distributions based on particular stimuli ( Toker and Newton 2000 ) . Multiple phosphorylated forms of OsPdk1 were detected in response to chitin elicitor treatment ( Fig. 3 ) , indicating the presence of multiple phosphorylation sites on OsPdk1. This fi nding suggests another possible mechanism for functional specifi city. The phosphorylation status of Pdk1 may vary depending on particular stimuli, resulting in specifi c responses. To test this hypothesis, it will be necessary to analyze further the phosphorylation status of OsPdk1 in response to different stimuli.
OsPdk1 is involved in basal resistance against bacterial and fungal pathogens
To analyze the function of OsPdk1 in whole plants, we isolated a Tos17 insertion mutant of OsPdk1 ( Fig. 4 ) . The homozygous mutant showed a moderate dwarf phenotype ( Fig. 4A ) . The relatively mild phenotype was probably due to the leakiness of the mutation ( Fig. 4B ). On the other hand, a loss-offunction tomato Pdk1 mutant, induced by virus-induced gene silencing, developed spontaneous, localized regions of cell death on leaves and stems, and became stunted ( Devarenne et al. 2006 ). Based on analyses using loss-of-function mutants and a chemical inhibitor of Pdk1, it has been shown that Pdk1 negatively regulates cell death ( Devarenne et al. 2006 ). We could not detect cell death lesions in the ospdk1 mutant. Therefore, the dwarf phenotype of the mutant may not be caused by cell death.
To analyze further the function of OsPdk1, we transformed rice plants with an overexpression construct of OsPdk1 ( OsPdk1-OE ). The OsPdk1-OE transgenic plants also showed the dwarf phenotype ( Supplementary Fig. S2 ). These results indicate that the expression level of OsPdk1 needs to be tightly regulated for its proper function. This may be due to the role of Pdk1 as a master regulator of many AGC kinases with different functions ( Bogre et al. 2003 , Zhang and McCormick 2009 ). The OsPdk1-OE transgenic plants showed enhanced resistance against a fungal and a bacterial pathogen ( Fig. 6 ), indicating that OsPdk1 positively regulates basal resistance in rice. This result is consistent with the fi ndings that OsPdk1 functions upstream of OsOxi1 and that OsOxi1 positively regulates basal resistance against the same pathogens ( Matsui et al. 2010 ) . Taken together, these results indicate that the OsPdk1-OsOxi1 phosphorylation cascade positively regulates basal resistance in rice. OsOxi1 is rapidly phosphorylated in response to both H 2 O 2 and chitin elicitor treatment ( Matsui et al. 2010 ) , whereas OsPdk1 is rapidly phosphorylated in response to chitin elicitor treatment but not H 2 O 2 ( Fig. 3 ) . These results suggest that an upstream component other than OsPdk1 regulates OsOxi1 in response to ROS signals.
Materials and Methods
Plant and pathogen materials, and cell cultures
The ospdk1 mutant cells ( Oryza sativa L. cv. Nipponbare) expressing HAstrepII-OsPdk1 were suspension cultured at 25 ° C in a liquid N6D medium, and subcultured in fresh medium every 7 d. Cells 5 d after subculture were used for the experiments. Chitin elicitor (GN8) was prepared by re-N-acetylation of the corresponding chitosan oligosaccharide, kindly supplied by Yaizu Suisan Kagaku Industrial Co. Ltd. In all experiments the chitin elicitor was used at a concentration of 2 µg ml − 1 . The plant growth conditions and pathogen infection conditions were described previously ( Takahashi et al. 2007 ). Nipponbare carries the blast resistance gene Pish . Strains of M. oryzae , Kyu89-246 (MAFF101506, race 003.0) and Kyu77-07A (avrPish, Race 102.0), were used as compatible and incompatible races, respectively. To inoculate the OsPdk1-OE transgenic plants, seedlings at the four-to six-leaf stage were sprayed to runoff with an aqueous spore suspension containing 6.5 × 10 4 spores ml − 1 . Disease development was monitored 1 week after inoculation. The mean lesion size per leaf was measured and calculated using a digital microscope VHX500 system (KEYENCE). Bacterial blight inoculation experiments were performed with the Japanese Xoo race 1 using a scissors-dip method ( Kauffman et al. 1973 ) . Lesion development was scored on leaves 21 d after inoculation by measuring margin progression with a ruler.
OsPdk1 cDNA cloning and construction
The sequence of a 1,497 bp OsPdk1 cDNA fragment was used to search the Rice Annotation Project DataBase (RAP-DB; http://rapdb.lab.nig.ac.jp ) for the complete sequence of OsPdk1 . The following primers were used to amplify the complete open reading frame of the gene: OsPdk1 ORF (HMP17, 5 ′ -CACCATGGCGGTCGGCGGCGACGA-3 ′ ; and HMP18, 5 ′ -TCAGTTCTTCTGGCAGCCTT-3 ′ ). The resulting OsPdk1 cDNA was cloned into pENTR/D-TOPO (Invitrogen) and confi rmed by sequencing.
Yeast two-hybrid assay
The OsPdk1 cDNA and OsOxi1 cDNA were cloned into the pAD-GAL4-2.1 plasmid and the pBD-GAL4-2.1 plasmid (Stratagene), respectively. Yeast strain AH109 (Clontech), which carries HIS3, ADE2, lacZ and MEL1 as reporter genes, was used in the assay with the pBD-GAL4-2.1 plasmid (Stratagene) as bait. Yeast colonies carrying possible interacting proteins were screened by complementation of auxotrophy. The interaction between proteins of interest was confi rmed by auxotrophy and expression of the MEL1 reporter gene following the manufacturer's instructions.
Protein expression
Site-directed mutagenesis was carried out using PCR primers, and PCR products were cloned into the pENTR/SD/D-TOPO vector (Invitrogen). OsOxi1 WT , OsOxi1 K56N , OsOxi1 S283A and OsOxi1 S283D were previously cloned into pDEST15 or pDEST17 ( Matsui et al. 2010 ). The recombinations with pDEST15 or pDEST17 were performed with the LR Clonase II enzyme mix (Invitrogen). Glutathione S -transferase (GST) fusion proteins were expressed and purifi ed from Escherichia coli BL21-AL cells (Invitrogen) according to the manufacturer's protocol (GE Healthcare). His 6 -tagged proteins were expressed and purifi ed according to the manufacturer's protocol (GE Healthcare). Purifi ed proteins were desalted on PD-10 columns containing Sephadex ™ G-25M (GE Healthcare).
In vitro binding assay
Purifi ed proteins were mixed in the binding buffer [50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM dithiothreitol (DTT), 10 mM MgCl 2 , 0.2 % Triton X-100]. Glutathione-Sepharose 4B (GE Healthcare) was added to precipitate GST tag fusion proteins, and the mixture was incubated for 2 h at 4 ° C. The beads were washed and the proteins were eluted and analyzed by SDS-PAGE. GST-OsPdk1 and His-OsOxi1 were visualized by using an anti-GST horseradish peroxidase (HRP)-conjugated antibody (1 : 5,000 dilution; GE Healthcare) and an anti-His antibody (1 : 5,000 dilution; GE Healthcare), respectively. Detection was performed using ECL Plus Western Blotting Detection Reagents (GE Healthcare).
In vitro phosphorylation assay
The in vitro phosphorylation assays were performed as described previously ( Zhou et al. 1995 ) . Purifi ed His-OsOxi1 proteins (OsOxi1 WT , OsOxi1 K56N , OsOxi1 S283A or OsOxi1 K56N/S283A ) and purifi ed GST-OsPdk1 proteins (OsPti1a or OsPti1a K80Q ) were incubated in a kinase reaction buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM DTT, 10 mM MgCl 2 , 20 µM ATP and 2.5 µCi of [ γ -32 P]ATP] and the 25 µl reactions were incubated at room temperature for 30 min. The samples were subsequently analyzed using 10 % SDS-polyacrylamide gels and visualized by Coomassie Brilliant Blue R250 staining, followed by autoradiography using BAS-2500 (FUJIFILM).
To test for cross-phosphorylations between OsOxi1 and OsPdk1 in vitro, phosphorylation assays were performed as described above using His-OsOxi1 proteins with GST-OsPdk1 K80Q as a substrate, or GST-OsPdk1 proteins with His-OsOxi1 K56N as a substrate. Reactions and detection were as described above.
Agroinfi ltration of Nicotiana benthamiana
OsOxi1 and OsPdk1 were cloned into the pEl2 Ω -MCS vector ( Takabatake et al. 2007 ). Agroinfi ltration of N. benthamiana was performed as described previously ( Matsui et al. 2010 ).
ospdk1 mutant screening
The ospdk1 mutant was identifi ed among the Tos17 insertion mutant population. Mutagenesis with Tos17 and PCR screening of mutants were performed as described by Kumar and Hirochika (2001) and Miyao et al. (2003) . To screen for OsPdk1-defi cient lines, DNA pools constructed using the threedimensional sampling method from approximately 40,000 Tos17 insertion mutant plants were subjected to nested PCR using the transposon-specifi c primers T1F or T1R (for the fi rst PCR), and T2F or T2R (for the second PCR), along with the OsPdk1 -specifi c primers. The PCR products were hybridized with an OsPdk1 cDNA probe of approximately 2 kb. Positive products were gel-purifi ed and sequenced to confi rm the presence of the OsPdk1 sequence and to identify the location of Tos17 insertion in the OsPdk1 gene.
Protein extraction, immunoprecipitation and protein gel blot analysis
Proteins were extracted by grinding the rice suspension cell cultures in liquid nitrogen and extraction buffer [50 mM TrisHCl (pH 7.5), 50 mM NaCl, 1 mM MgCl 2 , 5 mM DTT, 10 % glycerol, 0.5 % Triton X-100, 50 mM beta-glycerophosphate, 5 mM EGTA, 5 mM EDTA, 10 mM Na 3 VO 4 , 10 mM NaF and Complete Protein Inhibitor Cocktail Tablets (Roche)]. The cell debris was removed by centrifugation at 14,000 × g for 30 min. Protein concentrations were determined using the Bradford Protein Reagent (Bio-Rad) with bovine serum albumin (BSA) as a standard. For immunoprecipitation, 1 ml of extarct containing 5 mg of total proteins was incubated with 30 µl of StrepTactin beads (IBA GmbH) at 4 ° C for 2 h with gentle rocking. The matrix was washed fi ve times with the extraction buffer, re-suspended in 30 µl of 2 × SDS sample buffer, boiled for 5 min, and then 20 µl aliquots were loaded on SDS-polyacrylamide gels. To detect phosphorylated OsPdk1 by SDS-PAGE, we separated the proteins on 8 % (w/v) SDS-polyacrylamide gels containing 15 µM Phos-tag AAL-107 (NARD Institute, Ltd.). For dephosphorylation, the matrix was washed three times with extraction buffer to remove phosphatase inhibitors. The matrix was prepared in 40 µl of 1 × alkaline phosphatase buffer and incubated with 2 U of bacterial alkaline phosphatase (BAP; TAKARA BIO INC.) for 2 h. After the reaction, the matrix was re-suspended in 10 µl of 5 × SDS sample buffer, boiled for 5 min and then 20 µl aliquots were loaded on SDS-polyacrylamide gels. The blots were incubated with the HA antibody [1 : 5,000 dilution (Covance)], and detection was as described above.
Rice transformation
The OsPdk1 cDNA was cloned into pEASY-Ubi pro ( Matsui et al. 2010 ) using the LR Clonase II enzyme mix (Invitrogen). For the construction of pEASY-Pdk1 pro -HA-strepII-OsPdk1, a 2,003 bp fragment containing the promoter of OsPdk1 was amplifi ed from genomic DNA by PCR and cloned into pENTR/D-TOPO. The following primers were used: HMP56, 5 ′ -CACCAGTA CCGTCCATTCCACCAATAAACA-3 ′ ; and HMP57, 5 ′ -GGA ATTCCATGCCATGGGTCGGGAGGGCC-3 ′ . The amplifi ed OsPdk1 promoter was inserted into pGEM3Zf ( + ) (Promega) and then the DNA sequence encoding the HA-strepII epitope (Witte et al. 2004 ) was inserted at the 3 ′ end of the promoter. The full-length cDNA fragment of OsPdk1 was inserted at the 3 ′ end of the HA-strepII sequence. The complete Pdk1 pro -HAstrepII-OsPdk1 sequence was amplifi ed by PCR and cloned into pENTR/D-TOPO, then introduced into pEASY by recombination using the LR Clonase II enzyme mix. This vector was introduced into the Gateway System using pPZP2Ha3 ( + ). The Ubi pro -OsPdk1 and Pdk1 pro -HA-strepII-OsPdk1 constructs were introduced into WT Nipponbare and the NE5178 homozygous mutant as described previously ( Takahashi et al. 2007 ).
RNA extraction, RT-PCR and RNA blot analysis
RNA extraction, RT-PCR and RNA blot analysis were performed as described ( Takahashi et al. 2007 , Matsui et al. 2010 . Total RNA was isolated from rice leaves, separated on 1.2 % (w/v) formaldehyde-denaturing agarose gels and blotted onto nylon membranes (Hybond N + , GE Healthcare). The cDNA fragment of OsPdk1 was amplifi ed by PCR using HMP17 and HMP18 primers. Primers for semi-quantitative RT-PCR analyses for OsPdk1 were HMP19 (5 ′ -CACCGGGATCGCCTTCCGCGCG CC-3 ′ ) and HMP20 (5 ′ -CTCCCCACCTTCACACGACT-3 ′ ).
Supplementary data
Supplementary data are available at PCP online.
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